Purpose: To examine the relationship between apparent diffusion coefficients (ADC) from diffusion weighted imaging (DWI) and choline levels from proton magnetic resonance spectroscopic imaging (MRSI) in newly diagnosed Grade II and IV gliomas within distinct anatomic regions.
GLIOMAS ARE SPATIALLY heterogeneous brain tumors with mixed areas that may include necrosis, solid tumor, edema, and varying levels of infiltration into normal tissue. Noninvasive methods for evaluating this heterogeneity are important in directing patient treatment. Conventional magnetic resonance imaging (MRI) is sensitive to morphologic changes that occur in patients with glioma, but such changes are not specific indicators of disease progression or regression, particularly in patients that have undergone therapy. A number of functional and metabolic imaging methods have been proposed in order to provide a more complete evaluation of pathological heterogeneity. Two such imaging modalities are proton magnetic resonance spectroscopic imaging (MRSI) and diffusion-weighted imaging (DWI).
In vivo proton MRSI has been used in a research and clinical setting to measure metabolite levels in the brain. Previous studies have shown that variations in levels of metabolites such as choline, creatine, N-acetylaspartate, lactate, and lipid are associated with brain pathologies and are able to distinguish tumor from normal brain, edema, and treatment induced necrosis (1) . Of relevance to the current study is that the levels of choline-containing compounds in brain tumors have been reported to correlate with cell density (2) and the proliferative index, Ki-67 (3) .
DWI is based on the randomly distributed displacement (Brownian motion) of water molecules, which is affected by cell structures such as membranes, myelin fiber bundles, organelles, etc. (4) . The mean diffusivity, also known as the apparent diffusion coefficient (ADC), depends on the intracellular and extracellular environments, as well as tissue configuration and pathological tissue changes (4) . Although some studies have reported a correlation between ADC and cell density in high-grade brain tumors (2, 5) , it is not clear whether this is applicable for all tumor types and grades. Recent observations have suggested that early changes in ADC are predictive of response to therapy and that this is likely to be an important modality for monitoring treatment effects (6) .
In developing protocols for following response to therapy, it is important to determine whether ADC and choline are alternate measurements of the same phenomenon or whether they represent independent pieces of information that are complementary in nature. Although some studies have reported an inverse correlation between ADC and choline, these have typically considered a heterogeneous patient population and heterogeneous tumor regions (i.e., edema, necrosis, cystic cavity, and solid tumor) (7). Catalaa et al (8) observed a negative correlation between ADC and choline in mixed anatomical regions for a subpopulation of patients with untreated Grade IV gliomas, but were unable to establish a significant relationship for patients with Grade II and Grade III lesions.
The purpose of this study was to examine the relationship between normalized ADC and choline levels in regions of tumor both within an individual patient and between patients with tumors of similar grade. Two distinct populations of patients were considered; one group with newly diagnosed Grade II glioma and the other with newly diagnosed Grade IV glioma. We were particularly interested in seeing whether it was possible to verify the previously reported correlations for tissue that was solely within subregions of T2 hyperintensity, contrast enhancement, and necrosis.
MATERIALS AND METHODS

Study Population
A total of 65 newly diagnosed patients with gliomas were included in this study. Diagnosis of tissue was based upon histologic examination using criteria defined by the World Health Organization (WHO). A total of 37 Grade II patients consisting of 14 astrocytomas, 17 oligodendrogliomas, and six oligoastrocytomas (17 female, 20 male), ranged in age from 22 to 72 years. A total of 28 Grade IV glioblastoma multiforme patients (eight female, 20 male), ranged in age from 29 to 84 years. Patients provided informed consent as approved by the Committee on Human Research at our institution.
Conventional MRI
Patient exams were performed on a 1.5T GE Signa Echospeed scanner (GE Healthcare Technologies), using a standard quadrature head coil. The MRI examination included axial T1-weighted pre-and postgadolinium three-dimensional (3D) spoiled gradient echo (SPGR) images (TR ϭ 34 msec, TE ϭ 3 msec, slice thickness ϭ 1.5 mm, matrix ϭ 256 ϫ 192, field of view [FOV] ϭ 260 ϫ 195 mm 2 , flip angle ϭ 40°) and axial T2-weighted 3D fast spin echo (FSE) (TR ϭ 4000 msec, TE ϭ 104 msec, slice thickness ϭ 1.5 mm, matrix ϭ 256 ϫ 192, FOV ϭ 260 ϫ 195 mm 2 ). After each examination, the images were transferred to a Sun Ultra 10 workstation (Sun Microsystems, CA, USA) for postprocessing. The FSE and pregadolinium SPGR images were aligned to the postgadolinium SPGR using software developed in our laboratory (9) .
H MRSI
3D MRSI was acquired with 12 ϫ 12 ϫ 8 phase encodes with a nominal voxel size of 1 cc with the point-resolved spectroscopy sequence (PRESS) box size of 8 ϫ 8 ϫ 4 (TR ϭ 1000 msec, TE ϭ 144 msec) and very selective saturation (VSS) bands for outer-voxel suppression. The postgadolinium T1-weighted 3D SPGR was used to prescribe the PRESS selected volume. MRSI processing algorithms were developed in-house and have been described in detail elsewhere (10) . Briefly, the data were filtered with a Lorentzian function and Fourier transformed, resulting in an array of spectra. The spectra were corrected for baseline variations, phase shifts, and frequency shifts within the region of each peak, employing a priori information about the relative location of each metabolic peak. An automatic search procedure was used to identify each resonance and to quantify levels of choline, creatine, N-acetyl aspartate (NAA), lactate, and lipid resonances. The MRSI exams were prescribed on the postgadolinium 3D SPGR volume directly after the acquisition of the SPGR and it was assumed that there was negligible patient movement in between.
DWI
A total of three directional axial diffusion-weighted echo-planar images (TR ϭ 10,000 msec, TE ϭ 110 msec, matrix size ϭ 256 ϫ 256 ϫ 24, FOV ϭ 360 ϫ 360 mm 2 , slice thickness ϭ 5 mm, b ϭ 1000 second/mm 2 , gradient strength ϭ 0.04 T/m, gradient duration [␦] ϭ 21 msec, and gradient separation [⌬] ϭ 27 msec) were acquired, covering the supratentorial brain. The ADC was calculated on a pixel-by pixel basis using software developed in-house, based on published algorithms (11) . The DWI maps were aligned to the T2-weighted FSE, which resulted in the registration of all four imaging datasets (DWI, FSE, SPGR, and MRSI ) (12). The ADC maps were then resampled to the 1-cc MRSI resolution, as shown in Fig. 1 .
Data Processing
An in-house semiautomated segmentation method was used to define the contrast enhancing lesion (CEL) and necrotic regions (NEC) on the post-Gd T1-weighted image (13) . The T2 hyperintense region (T2All) was contoured on the T2-weighted FSE image. The nonenhancing region (NEL) was defined as T2All minus the CEL and NEC (T2All-CEL-NEC) as shown in Fig. 2 . The NEC and CEL masks were also combined to create the (NECϩCEL) mask. Normalized choline maps (nCho) were generated by dividing the choline maps by the choline level in a chosen spectroscopic voxel in a normal-appearing region. Normalized ADC maps (nADC) were generated by dividing the ADC maps by the median ADC value within the normal appearing white matter (NAWM) mask, which was segmented using FAST (FMRIB's Automated Segmentation Tool) Software on the T2-weighted FSE image (14) . The high-resolution abnormal anatomical regions were resampled to the spectroscopic voxels by applying a threshold for exclusion based on the percentage of the high-resolution region of interest contained in the resampled voxel of 70% for T2All and 60% for CEL and NEC. MRSI and DWI normalized maps were plotted on an nCho vs. nADC graph as shown in Fig. 3 .
Statistical Analysis
Two methods of analysis were performed. Between-patient region level analysis included a Spearman rank correlation between normalized ADC and choline for each grade within each distinct abnormal anatomical region (Grade IV: NEL, CEL, NEC, and T2All; and Grade II: T2All), as shown in Fig. 4 . A total of three Grade II patients presented with small regions of contrast enhancement, which were excluded from the T2All mask. Within-patient voxel level analysis included a Spearman rank correlation of nCho and nADC for voxels in the PRESS box within each distinct abnormal anatomical region for each individual. These correlations were separated by grade, as shown in Fig. 5 . All values are reported as median Ϯ standard deviation (SD) unless otherwise noted. 
RESULTS
Descriptive Statistics
Between-Patient Region-Level Analysis
Spearman rank correlation of median values of nCho and nADC for patients with Grade IV gliomas within NECϩCEL, NEL, and T2ALL regions were significantly correlated, P ϭ 0.0043, 0.00002, 0.0026, respectively, while voxels within CEL and NEC did not reach significance (see Fig. 4a and Table 1 ). When examining the data more closely, it was seen that 23 of 28 patients had NEC and/or CEL, which was made up of one patient with NEC but no CEL, 14 with CEL but no NEC, and eight patients with both CEL and NEC.
In looking at the combined regions, the (nCho, nADC) locations of the 15 patients with either only CEL or only NEC stayed the same but the locations of the eight patients with both CEL and NEC showed a decrease in nCho and increase in nADC. This suggests that the correlation between nADC and nCho observed in the combined CELϩNEC region is driven by a cluster of patients with mainly necrosis who have high nADC with low nCho and a cluster of patients with mainly contrast enhancement who have low ADC with high nCho (see Fig. 6 ).
For the nonenhancing NEL region of either Grade IV or Grade II lesions, we expect a mixture of edema and tumor. The box-plot values for two patients with Grade IV glioma are shown in Fig. 7 . One patient has high nCho and low nADC, which suggests the region is mainly tumor, while the second patient has nCho close to normal and high nADC, which suggests mainly edema (nCho Ϸ 1, nADC Ϸ 2). For patients with Grade II gliomas there was very little enhancement and no necrosis, so the NEL is coincident with the T2All region. In this case there was no significant correlation for median nCho and nADC within these regions for any of the subpopulations of Grade II lesions or when all types were combined. These data are seen in Fig. 4b . The Spearman rank correlation coefficients, P values, and number of these patients are shown in Table 1 .
Within-Patient Voxel-Level Analysis
Spearman rank correlation coefficients of the voxels from Grade IV gliomas within voxels from the various distinct abnormal regions are shown in Fig. 5a and the Spearman rank correlation coefficients for the patients with different Grade II lesions are shown in Fig. 5b . For the patients with Grade IV gliomas the correlation coefficients were predominantly negative and eight of 36 of them were significant within CEL, NEL, and NEC regions. For the patients with Grade II gliomas the coefficients were both positive and negative and only six of 37 of them were significant within the T2All regions. A Wilcoxon rank-sum test of the Spearman rank correlation coefficients demonstrates that the two groups have significantly different medians (P Ͻ 0.0008) and the correlations tend to be higher in the Grade IV regions.
The nCho and nADC values in representative patients with Grade IV lesions from these two groups are seen in Fig. 7 . One of the patients has highly variable nCho values, while the other has much less variable nCho (nCho values ranged from 0.2 to 6.1). Figure 8 shows a plot of the Spearman rank coefficient for the CEL plotted vs. range of nADC values, which indicates that there is a trend toward large correlation coefficient values for large ranges and small correlation coefficient values with smaller ranges.
DISCUSSION
Levels of choline, as determined by MRSI, and values of apparent diffusion contrast (ADC) obtained from DWI can both provide quantitative, noninvasive measurements that are of interest for characterizing gliomas and assessing whether they are responding to therapy. Before these measurements are utilized as surrogate markers in a clinical setting, it is important to understand whether they represent similar or distinct phenomena. Because the acquisition of DWI provides higher spatial resolution in a shorter time than MRSI and is more widely available on commercially available MR scanners, clinicians would be more likely to use ADC to evaluate their patients if they were shown to provide directly equivalent information. In this study we sought to make direct comparisons of choline and ADC measurements in two populations of patients with newly diagnosed, untreated gliomas that are expected to have quite different biological characteristics. Our hypothesis was that if they were representative of similar phenomena there would be a statistically significant correlation between the two variables in each case and for each grade. The analysis was performed by comparing values from similar spatial locations, both on a voxel by voxel basis and by taking median values within anatomically distinct portions of the lesion across different patients. In low grades, ADC values of patients with astrocytoma are consistent with previous findings (15, 16) , while the ADC values for patients with oligodendroglioma are lower in this study. This may be attributed to the variation in classification of low grades, especially of oligodendrogliomas, which has been changing over the past few years. As previously reported, the normalized choline values are higher for Grade II oligodendrogliomas than astrocytoma (17) .
For the patients with Grade II gliomas, neither approach was able to provide a clear relationship between levels of choline and ADC values. Because the median choline values were higher and the median ADC values lower within the regions of hyperintensity on T2-weighted images for oligodendrogliomas compared to values in astrocytomas or oligoastrocytomas, we considered each subpopulation separately, as well as together. Once again there was no statistically significant relationship found. It should also be noted that the median ADC levels in all of the lesions were higher than in NAWM, whereas the median choline levels were similar to NAWM for the astrocytomas and oligoastrocytomas. This provides further evidence for there being different factors driving the measurements of each parameter. When we performed a voxel by voxel analysis of the choline and ADC values within individual patients there were six patients for whom a significant relationship was established, but in some cases there were positive correlations and in others negative correlations. These results argue against there being a single underlying explanation for the variations in choline and ADC and suggest that, at least in these Grade II gliomas, they provide different types of information. This conclusion is consistent with the findings of Catalaa et al (8) who had previously reported no significant correlation between mean ADC and mean choline for 20 patients with Grade II gliomas of mixed subtypes.
For patients with Grade IV gliomas, the ADC values of the NEC, NEL and CEL subregions were consistent with previous findings (8,18 -20) . The normalized choline values for patients with Grade IV gliomas in this study are similar to those previously reported for the NEC, NEL, and T2All regions, (8, 21) and not significantly different from those previously reported CEL (21) .
For patients with Grade IV gliomas that are known to be much more spatially heterogeneous than low-grade lesions, our study provided mixed findings. In untreated Grade IV gliomas, the gadolinium-enhancing region (CEL) is usually interpreted as representing tumor, the central hyperintense region on the postcontrast T1-weighted images (NEC) as corresponding to necrosis and the remaining region of hyperintensity on the T2-weighted images that does not enhance (NEL) to a mixture of invasive tumor and edema. It should be noted that while the median levels of ADC in all subregions were significantly higher than in NAWM and the ADC within the NEC regions were significantly higher than the median ADC in the other regions, the difference between values in the CEL and NEL were not significant. This suggests that while ADC may be a good marker of necrosis and is elevated in all portions of the T2 hyperintensity, there is considerable heterogeneity in the values within mixed regions of tumor and edema. Although the median levels of choline were similar to NAWM in both the CEL and NEL, there was considerable heterogeneity, both within each anatomic region and between patients. This is consistent with our previous studies that have shown substantial differences in the spatial extent of metabolic and anatomic lesions, and that these are more accurately defined by changes in levels of choline relative to N-acetylaspartate than by changes in choline alone.
The results obtained by comparing levels of choline and ADC in different anatomic regions suggested that the correlations between the two variables that had previously been observed were caused substantially by lesion and population heterogeneity rather than by a direct reflection of specific biological phenomena. When the median values in the relatively more homogeneous regions corresponding to the CEL or NEC were considered there was no correlation between choline and ADC, but when the values in the CEL and NEC were combined there was a clear negative correlation. This may be due to the smaller range of values for nADC and nCho, the relatively small number of voxels in each subregion or that there was truly no relationship between nADC and nCho within homogeneous regions of tumor or edema. For the combined CEL and NEC regions (CELϩNEC), the correlation between nADC and nCho seems to have been driven by the heterogeneity in relative amounts of necrosis and enhancing tumor within the lesion.
Heterogeneity in the composition of the anatomic regions for Grade IV gliomas also appears to contribute to the negative correlation between median choline and ADC in the nonenhancing lesions (NEL) and the overall T2 hyperintensity (T2all). The NEL is known to contain active tumor and varying levels of edema (7) . Voxels that are predominantly tumor have high nCho and lower nADC, while voxels that are edematous have high ADC and lower choline. The median value of MR parameters in the NEL will therefore depend upon the number of voxels of each type that make up the region. The voxel level analysis is a more direct way of evaluating the correlation between nADC and nCho because it considers smaller, and hence potentially more homogeneous regions of morphology. Although the voxels for different regions within patients with Grade IV lesions did have more than 90% negative correlations, the Spearman rank correlation coefficient values were quite variable for individual patients and did not cluster around a specific value. This can be interpreted as indicating that, although there may be a relationship between high nCho and low ADC, there are multiple factors that have an influence on the observed values and there is no simple means of predicting one value from the other in any specific patient or anatomic region.
When considering explanations for relationships between levels of choline and ADC in gliomas, it is important to consider how different biological phenomena such as cellularity, proliferation, and cell density can influence their values. Previous studies that have related choline to histological parameters have typically considered relatively small patient populations of patients with gliomas of different grades, having received variable treatments. Several studies have reported that choline correlated with the proliferative index, Ki-67 (3, 22, 23) in mixed patient populations. Nafe et al (24) also observed a similar relationship in a homogeneous population of patients with Grade IV gliomas. Shimizu et al (3) found that Ki-67 was correlated with choline only within homogeneous nonenhancing regions and that there was no correlation within heterogeneous regions of gliomas. Croteau et al (25) and Miller et al (26) reported a significant correlation between choline and cellularity, while Gupta et al (2) suggested that there was a positive correlation between choline and cell density (27) .
The situation is even more complex with respect to the relationships between ADC and other parameters. While Guo et al (28) were unable to detect a correlation between ADC and cellularity in a homogeneous population of patients with high-grade astrocytomas, other studies (5,18,29 -31) that included a mixture of different types of gliomas have reported a significant inverse correlation. Calvar et al (32) reported a correlation between ADC and the proliferative Ki-67 index in a mixed patient population. Other factors that are known to affect ADC are the viscosity of the medium, barriers to diffusion between compartments, molecular crowding, presence of active transport, bulk flow in capillaries, and the length of diffusion observation (33-35). While Gupta et al (7) reported an inverse correlation of ADC and choline within the T2All for a heterogeneous population of patients at various stages of treatment, Catalaa et al (8) reported a strong negative correlation between mean ADC and mean choline within the NEL and CEL regions for patients with newly diagnosed Grade IV gliomas but not for Grade II or Grade III gliomas.
Overall, the results of our study and those that have been reported in the literature support the potential of using maps of choline or ADC in newly diagnosed, Grade IV gliomas to define regions containing proliferative and cellular tumor as opposed to necrosis or edema. It is not clear, however, whether either parameter provides direct, quantitative assessments of mitotic activity or cellularity that are consistent between individuals. Choline is a measure of cellular turnover, while ADC is a measure of the mobility of water. These parameters are related to cell density, but are not direct measures of the same phenomenon. If there is a requirement to make these connections, there should be a more detailed study using choline and ADC-guided biopsies within populations of patients that are homogeneous with respect to tumor grade and to the treatment that they have received. Other critical studies for understanding the clinical significance of these and other surrogate markers should consider the prognostic value of each specific parameter. Our preliminary analyses of ADC levels in patients with newly diagnosed Grade IV gliomas suggested that the presence of regions in the lesion that have low ADC was predictive of shorter survival, but whether this provides additional information over other MR parameters is unclear (36) . While the level of choline did not appear to be prognostic of poor outcome in this population, high levels of lactate and lipid measured from the same MRSI data were associated with shorter survival.
In conclusion, based upon our findings in Grade IV and Grade II gliomas, it is recommended that future studies continue to acquire both DWI and MRSI data so that their prognostic significance can be fully established and so that more informed decisions can be made as to which is relevant for each specific patient at any particular time point in the course of their disease.
